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Phage T4 infection of Eschericlriu co/i was studied by thin-section and freeze-fracture electron microscopy. It was found that phage T4 induces 
the formation of a bridge between the outer and inner membranes of E. co/i. A membrane fusion during the infection is suggested. 
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1. INTRODUCTION 
In Gram-negative cells, high molecular weight com- 
pounds might be transported through the sites of adhe- 
sion between the outer and inner membranes [I], or 
through the sluice structures suggested recently [2]. 
However, the hypothetical direct membrane contacts or 
fusions that participate in such a transport have been 
visualized only after special treatment of cells [3]. Bacte- 
riophage T4 also attaches to the adhesion sites or indu- 
ces their formation [4]. We have studied the membranes 
of Esckerichia coii during T4 infection by freeze-frzc- 
turing and thin-sectioning techniques. It was found that, 
under our conditions, phage T4 core does not penetrate 
the outer membrane as has been assumed earlier [5,6], 
but initiates membrane fusion. We suggest that the 
transmembrane electrical potential (or electrochemical 
gradient of cations) necessary for cell infection [7-91 
acts by providing the appropriate conditions for 
membrane fusion. A new model of phage T4 infection 
of E. co/i is presented. 
2. MATERIALS AND METHODS 
Phagc T4B was grown and purified as dcscribcd previously (IO]. E. 
co/i B was grown IO 5x10” cells/ml. harvcstcd. washed once and rc- 
suspcndcd in fresh nutrient broth. The multiplicity of infection was 
200. Phagcs and cells wcrc incubated togcthcr for 2 min at ZOOC and 
then concewratcd by centrifugalion UI room tcmpcraturc at XOOOxr: 
for 2 min. The time from the beginning of ~hc infection to thccryo-or 
chemical fixation wasabout 5 min. Ultrarapid pluligc-frcczingwitllout 
crioprotcctants and subscqucnt fracturing wcrc dcscribcd prcviousl) 
[3]. For chemical fixation, cells wcrc trcakd with glutaraldchydc. 
osmium tctrlxidc, tannic acid and spin osmium tctroxidc (GOTO- 
fixetion). As WilS shown ciirlicr this scqucncc of fixation prcvcnts 
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possible artSacts of tannic acid action [II]. In our experiments 1% 
fixative solvents in 100 mM phosphate buffer (pH 7.4). and one hour 
fixation with each solvent were used. After every step of fixation the 
cells were washed 3 times with phosphate buffer. For energy depletion 
[7-g] E. co/i cells were treated with 60pM CCCP at 37°C for 20 minor 
by 30 mM cyanide for IO min and then by 30 mM arsenate for IO min 
at 37°C. 
3. RESULTS AND DISCUSSION 
Fixation under our conditions reveals different stages 
of infection. It appears likely, that the invagination of 
the outer membrane by phage and the formation of 
contacts between membranes are the first stages of 
phage penetration through the cell wall (Fig. 1). The 
elimination or redistribution of intra membrane parti- 
cles in contacting regions (Fig. 1A) might precede mem- 
brane fusion, similar to that in eukaryotic cells [ 121. We 
suggest. that the intermembrane bridges observed in 
ultrathin sections (Fig. 2) are the results of such a mem- 
brane fusion. The phage core seems to be extended into 
the central part of the bridge and may have a dark or 
light central part (Fig. 2A,B). The light core is more 
typical for phages with empty heads, suggesting that the 
electron density of-that region depends on the existence 
of phage DNA. 
The measurements indicate that the whole diameter 
of the bridge is about 120-I 30 A (Fig. 2C) which is 
much more than the diameter of the phage 7’4 core 
(about 90 A) [13]. On the other hand, the diameter of 
the central part of the bridge is about 45-55 A. The 
width of the electron transparent lines composing the 
bridge (30-40 A) is typical for the hydrophobic region 
of mcmbrancs. According to our mcasurcmcnts it is 
likely that the core proteins cxtcnd into the unstained 
and possible hydrophobic part of the bridge. (Fig. 3). 
Thcrcforc, WC suggest that thcrc might bc an interaction 
ofcorc proteins with membrane lipids within the bridge. 
which is in agrccmcnt with hydrophobic propcrtics of 
the core tip [l4]. 
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Fig. 1. Jnvagination of membranes of Ewheri~l~icc co/i cells induced by phage T4. On fracture 1:dces (A) of outer (OS4) and inner membranes (IM) 
the invaginations deprived of intramembranc particles (arrowheads) are observed (the concave fracture surface is presented). The imaginations 
(arrow) presented also on thin-sections (B). The black arrows in freeze-fracture micrographs indicate the direction of shadowing. Bars represent 
0.2 ,um. 
About l-5% of phages form periplasmic vesicles (Fig. 
4) instead of intermembrane bridges. The fracture faces 
of the vesicles and their contact sites with the inner 
membrane are usually deprived of intramembrane par- 
ticles (Fig. 4A.B). There are two types of periplasmic 
vesicles. The vesicles of the first type have close contact 
with the inner membrane (Fig. 4C). In the second type 
of vesicle a semifusion between membranes and one 
membrane elimination [12] is observed (Fig. 4D). So it 
is possible that the membranes approached by the 
phage are ready for fusion but fusion does not occur 
because of an unknown defect. 
The fusion membranes and the formation of inter- 
membrane bridges does not occur after treatment of 
cells with CCCP. cyanide or arsenate before infection, 
This correlates with the requirement of a membrane 
potential for cell infection by phage T4 [7-91. Mean- 
while. in poisoned cells the formation of periplasmic 
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Fig. 3. The schematical illustration of a possible hydrophobic interac- 
tion between phage core proteins and the lipid bilaycr in the bridge. 
vesicles is still observed. It is possible that normal infec- 
tion may be prevented by an increase of the intermem- 
brane distance. in poisoned cells. The changes of the 
intermembrane distance have been studied on rapidly 
frozen and fractured cells lxhich lack possible artifacts 
as a result of chemical fixation. As was found. the 
distance between membranes for untreated cells was 
about 120 A. which correlates well with other measure- 
ments [S]. However. in poisoned cells the distance was 
about 2-3 times larger (220-330 A). This change of 
periplasmic space might result from the cytoplasm con- 
traction after energy denletion of cells and subsequent 
loss of the osmot&y :dctive K’ [15]. The intermem- 
brane distance was usually decreased after infection of 
poisoned cells by phages. 
E. coli membrane penetration by phage T4 core is 
presented in Fig. 5. According to the scheme, the dis- 
tance between membranes is of great importance for 
their fusion. We suggest that in poisoned cells the phage 
core penetrates only through the outer membrane and 
injects the phage DNA into the periplasmic space as 
observed by some authors [9]. Similar penetration of the 
outer membrane by the core possibly takes place also 
in models of the outer membrane studied by Furukawa 
et al. [6]. 
It is known that the early stages of infection are 
characterized by the formation of a membrane channel 
and by ion leakage of membranes. A few minutes later 
the ion leakage decreases as a result of a sealing reaction 
[ 161. According to our scheme the membrane leakage is 
followed by the penetration of the core through the 
adjacent membranes, subsequent membrane fusion, and 
hole formation. The sealing reaction could result from 
the formation of the bridge where the close hydrophobic 
interaction between the membrane lipids and the phage 
core proteins occurs. In such a structure the only way 
for ion leakage is the phage core channel that is possibly 
sealed with specialized proteins (not shown). 
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l:ig. 4, PcrilMmic vcsiclcs (I+‘) indwctl t>y phiICe TJ (A). hrro\vhc;tds indicate ~hc rcgionr dcprivod of particles on COIIVCX fracture facts ofinncr 
I11Clllt7lilIlf (B). ‘~llilr-s-etioniri~ (c’,I)) rcvcal5 twi: I~lxs of waiclcs. The wsirlca do not ;dw;iys contain ill1 electron dense material. cvcn ~rllc11 the 
ph;lpc IWildS arc empty. ll is likely Ihal IllJCClCd ‘I’-8 DSh CRII Ix 1051 by lhc vcsictcs through the apciiing of the invagiriatinn. 
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Fig. 5. A schcmc of structurxl changes of E. co/i membranes during infection by phagc T4. 
Simon and Anderson [S]. 
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